Propamidine, an aromatic diamidine compound, is widely used as an antimicrobial agent. To uncover its mechanism on pathogenetic fungi, Botrytis cinerea as an object was used to investigate effects of propamidine in this paper. The transmission electron microscope results showed that the mitochondrial membranes were collapsed after propamidine treatment, followed that mitochondria were disrupted. Inhibition of whole-cell and mitochondrial respiration by propamidine suggested that Propamidine is most likely an inhibitor of electron transport within Botrytis cinerea mitochondria. Furthermore, the mitochondrial complex III activity were inhibited by propamidine. [BMB reports 2010; 43(9): 614-621]
INTRODUCTION
Aromatic diamidines, and in particular bis(amidinophenoxy)-alkanes, have 70 years history in the treatment of human diseases and show diverse pharmacological activity. The mechanism of aromatic diamidine compounds has been studied, the precise mechanism is unclear and its major macromolecular targets have not been identified unequivocally (1) . The results from a broad array of methods (DNase I footprinting, surface plasmon resonance, X-ray crystallography, and molecular dynamics) showed that aromatic diamidines bind in the minor groove of duplex DNA by forming hydrogen bonds and van der Waals contacts between its amidinium groups and adenine N3 or thymine O2, bridging 4 or 5 base pairs in AT-rich sequences (2) (3) (4) . AT-selective DNA recognition by a series of diamidines can not be simply correlated with their potency of antimicrobial action, and can be explained as being only the first step in a multiple-step process (2, 5) . The pharmacological effects are based on specific complex formations between propamidine or its analogs and AT-rich sequences in DNA (6) (7) (8) (9) (10) (11) (12) (13) .
Propamidine is an antimicrobial agent used clinically for the treatment of Acanthamoeba keratitis and other corneal infections (14, 15) . But limited oral bioavailability and both acute and chronic toxicity have slowed down the studies on development of this class of compounds. The antifungal activity of pentamidine against Botrytis cinerea was found incidentally by NZYM Inc. in 1990s, a large number of analogues have been synthesized and propamidine have been used in the field for treating crop's disease.
Botrytis cinerea is a fungus that causes grey mould in over 200 hosts. Its most notable hosts may be wine grapes. Fungicides used to control Botrytis species are often used for the control of other fungal pathogens of the crop as well. In our previous work, propamidine was shown high antifungal activity against botrytis cinerea and had been applied in cropland (16) . But few or no literatures reported the inhibiting mechanism of propamidine against Botrytis cinerea now. Therefore, in this study, we examined the action mechanisms of propamidine against Botrytis cinerea with electron microscopy and biochemistry methods.
RESULTS

The toxicity regression equation of propamidine
The preliminary toxicity of propamidine were tested by measuring the rates of mycelial growth and conidiospore germination (17) and their toxicity regression equations were got (Table 1) . Moreover, the results of chi square test showed there was no significant difference between theorical and actural values.
Effects of propamidine on ultrastructure Botrytis cinerea
To insight the effect of propamidine, the ultrastructure of Botrytis which was treated by 7.756 μg/ml propamidine (EC70) was analyzed using electron microscopy. The rotenone and water were used as positive and negative control. As the Fig. 1 showed, both propamidine and rotenone caused an overall change on shape of mycelium and conidiospore, especially mitochondria in the ultrastructural appearance of inspection at high magnification revealed details of mitochondrial structure http://bmbreports.org BMB reports ( Fig. 1) . Scanning electron micrographs revealed that the mycelia and conidiospores were collapsed with propamidine treated as well as rotenone treated (Fig. 1B, C) . The mitochondrial number of Botrytis cinerea with propamidine treatment was significantly increased, and almost all mitochondrias swollen with disintegration, lysis of cristae and dissolved into vacuole, similar to the damaged by rotenone (Fig. 1E, F) .
Effect of propamidine on respiration rate of mycelia and conidiospores
To check whether propamidine influences respiration rate of mycelia in Botrytis cinerea, O2-consumption was determined by measuring the respiration rates. Results were expressed as percent of control activity at 0 μg/ml/d (100%). Comparisons were made to determine if there were significant changes between control and treatment. Mycelia and conidispores respiration rates at various concentrations of propamidine treatment were significantly lower than the corresponding controls (Fig.  2) . Moreover, the decline of mycelia respiration rate was faster in first day than in second or third day. In the first day, mycelia respiration rate was decreased from 100% to about 33.29%, then in the second day and third day, it only decreased from about 33.29% to 23.99% and from 23.99% to 11.06% ( Fig.  2A) . Therefore, the respiration rate of mycelia treated by 7.756 μg/ml (EC70) propamidine were detected in 12 hours. We found that the respiration rate of mycelia began to fast fall http://bmbreports.org from 0.5 h to 9 h of propamidine-treatment, then the fall rate was slowed down in 0.5 h and after 9 h (Fig. 2B) . Furthermore, the respiration rate of conidiospores treated by 0.027 μg/ml (EC70) propamidine in two hours were measured with same method. Like respiration rate of mycelia, the respiration rate of conidiospores started to fast fall after 0.5 h of propamidinetreatment, comparing to that the respiration rate of conidiospores was reduced slowly in 0.5 h (Fig. 2C ). 
Effects of propamidine on the mitochondrial function
To examine whether propamidine influences mitochondrial respiration, state 3 (ST3) and state 4 (ST4) respiration were mesured in mitochondria isolated from control, propamidine pre-treated Botrytis cinerea. ST3 divided by ST4 is respiration control ratio (RCR) (RCR = ST3/ST4), ADP/O is mol ADP phosphorylated per mol atomic oxygen consumed. Results were expressed as percent of control activity at 0 μg/ml/d (100%). The mitochondrial respiration at various concentrations of propamidine treatment were significantly lower than the corresponding controls (Fig. 2D, E) . The data obtained in this study demomstrated that propamidne resulted in decreased mitochondial membrane integrality and mitochondrial dysfunction.
Effect of propamidine on utilization of energy sources
To examine how propamidine influences energy sources, totalh protein, the contents of fat, sugar, and reducing sugar which were extrancted from propamidine pre-treatment mycelia with 3 days were determined by near-infrared reflectance and acid hydrolysis, respectively. Results were expressed as percent of control activity at 0 μg/ml/d (100%). The most energy sources calculated in propamidine pre-treatment tended to increase first and then decline besides fat (Fig. 3) . Moreover, at 0.5 μg/ml propamidine-treatment, the reducing sugar, total sugar, and protein contents were increased to the peak of 189.49% ± 8.01%, 305.46% ± 12.89%, and 132.62% ± 5.62%, respectively. However, the fat content showed right increases with the increase of propamidine-treatment concentration. And the highest significant increase of fat content was at 10 μg/ml. These results showed that the propamidine influenced substance metabolism of Botrytis cinerea.
Effects of propamidine on the respiratory complexes
To examine whether propamidine influences respiratory complexes, the activities of respiratory complexes were measured in mitochondria isolated from control, propamidine pre-treated and propamidine post-treated Botrytis cinerea. Results were expressed as percent of control activity at 0 μg/ml/d (100%).
The complexes' activities calculated in propamidine post-treatment showed no significant change from control. The complexes' activities calculated in propamidine pre-treatment showed significant differences from control (Fig. 4) . The data obtained in this study demonstrated that although all complex III activities decreased at 1 day of propamidine treatment, complex I, complex II, complex IV and complex V activities increased markedly. Then, all of the complexes' activities were shown to be significantly decreased at 3 days of propamidine treatment.
DISCUSSION
Aromatic diamidines have a long history in the treatment of human diseases. Pentamidine, one of the aromatic diamidine compounds, has been found that it functioned against Pneumocystis carinii, the pathogen responsible for opportunistic infection which occurs in the majority of patients with AIDS (12, (18) (19) (20) . Propamidine, another compound belonging to aromatic diamidines, is an antimicrobial agent used for the treatment of Acanthamoeba keratitis and other corneal infections (21, 22) . Recently, Chen et al found that the propamidine was also effictive against Botrytis cinerea (23) . In Acanthamoeba keratitis, aromatic diamidines can bind the minor groove of double-helical DNA of AT-rich sequences and inactivate gene's expressions, resulting in the inhibition (24, 25) . The molecular mechanism of propamidine against Botrytis cinerea has not been further studied. In this paper, the inhibited conidiospore germination, the destroyed mitochondrial ultrastructure in Botrytis cinerea treated with propamidine suggested us that mitochondial membrane integrality and mitochondrial function were damaged. The result showed that respiration of mycelium, conidiospore and mitochondria were inhibited by propamidine, and the sugar, protein, and fat contents were increased after propamidine treatment. In above, it is confirmed that propamidine decreased the composition of ATP and oxidative phosphorylation and resulted in broken mitochondrial energy anabolism. As known, energy is supplied by mitochondria through the process of oxidative phosphorylation in Botrytis cinerea. To examine how propamidine influences the process of oxidative phosphorylation, the five complex enzymes of mitochondrial respiratory chain, namely complex I, II, III, IV and ATP enzyme, were extracted from Botrytis cinerea which were treated with different concentrations of propamidine. The results were shown as follows: 1) when Botrytis cinerea was treated with increasing concentrations of propamidine for one day, the activities of complex I, II, IV and ATP enzyme were increased. But the activity of complex III was decreased. 2) when Botrytis cinerea was treated with increasing concentrations of prop-http://bmbreports.org amidine for three days, the activities of complex I, II, III, IV and ATP enzyme were decreased. These results indicated that the propamidine may be inhibited the activity of complex III. The research about popamidine and other aromatic diamidine compounds showed that they affect the development and growth of organism through binding to target DNA and inhibiting the expression of target gene (24, 25) . Therefore, the antimicrobial mechanism of propamidine was proposal that the propamidine binds a minor groove of one gene that encodes a subunit of complex III and inhibits the expression of this gene in Botrytis cinerea. As a consequence, the activity of complex III decreased and influenced the respiratory control and energy production. Ultimately, energy lacking results in mitochondria ultrastructure abnormity and growth stopped. 
MATERIALS AND METHODS
Materials
Propamidine (purity ≥ 95%) and Botrytis cinerea were obtained from the Center of Biorational Pesticide Research and Development, Northwest A&F University. 2, 6-dichlorophenolindophenol was delivered from Fluka (Buchs, Switzerland). All other chemicals were purchased from Sigma (St. Louis, MO). Young fruits of Solanum lycopersicum were used as host plants and inoculated by an inoculation solution containing Botrytis conidia (2 × 10 6 spores ml
), 5 mM glucose, and 2.5 mM KH2PO4. The inoculation solution was spouted on wounded fruits. After inoculation, plants were kept at 100% relative humidity to ensure spore germination. Two days later, the infected tomatoes were further treated by 7.756 μg/ml propamidine (EC70). After 3 days, the morbidity tomatoes were collected and used for analyzing of electron microscopy (17) . In addition, 2 μg/ml rotenone was also used as positive control (31) .
Scanning electron microscope
The tomato with Botrytis cinerea were cut into small pieces and fixed with 3 (v/v) glutaraldehyde in 50 mmol/L phosphate buffer (pH 6.8) for 3-6 hours at 4 o C. Thereafter, the samples were rinsed thoroughly with the same buffer 3-6 times and post-fixed with 1 (w/v) osmium tetroxide for 2 hours at 4 o C. Then the samples were dehydrated in a graded acetone series (v/v, 30%, 50%, 70%, 80%, 90%, 95%, 100%)，and then acetone was replaced with 100% amyl acetate twice for 30 min each. The samples were then transferred to fresh amyl acetate and placed in a critical-point drying apparatus (26) . Dried samples were coated with gold and examined in a JSM-6360.
Transmission electron microscope
The tomato with Botrytis cinerea were cut into small pieces and fixed with 3 (v/v) glutaraldehyde in 50 mmol/L phosphate buffer (pH 6.8) for 3-6 hours at 4 o C. Thereafter, the samples were rinsed thoroughly with the same buffer 3-6 times and post-fixed with 1 (w/v) osmium tetroxide for 2 hours at 4 o C. Then the samples were dehydrated in a graded acetone series (v/v, 30%, 50%, 70%, 80%, 90%, 95%, 100%)，embedded in Epon-araldite and polymerized at 30 o C for 1 day, then 60 o C for 2 days (26). For observation，ultrathin sections of the samples were cut with a diamond knife and collected on 200-mesh copper grids. After contrasting with uranyl acetate and lead citrate, the grids were examined with a JEM-123 transmission electron microscope.
Measurement of mycelia and conidiospore respiration rate
The respiration rate of mycelia and conidiospores were measured polarographically as Lanteri et al. described using a Clark-type oxygen electrode at 25 o C with the oxygen monitor (27) . The uptake of oxygen was measured polarographically in a 2.3 ml reaction mixture containing and propamidine-treated mycelia or conidiospores. 1% glucose instead of propamidine was used as control. The dry weight of the mycelia or conidiospores in the buffer suspensions was determined after centrifugation and drying to a constant weight at 80 o C for 10 hours.
Preparation of mitochondria
Mitochondria were isolated by using of differential centrifugation as previously described with slight modifications (28) . The mycelia were ground into powder with liquid nitrogen in an ice-cold mortar and homogenized in 5 vol (w/v) of ice-cold mitochondrial extraction buffer containing 50 mM Tris-HCl, 50 mM EDTA, 10% sucrose (w/w), pH 8.0. The homogenate was centrifuged at 750×g for 10 min at 4 o C. The supernatant was centrifuged at 2,500×g for 10 min at 4 o C. The pellet was washed twice using mitochondrial extraction buffer, then resuspended in mitochondrial extraction buffer to a final concentration of 1 mg/ml. The protein concentration was determined with the BIO-Rad protein assay dye reagent using bovine serum albumin as the standard. (Bio-Rad, Hercules, CA). Freshly prepared mitochondria were used to determine mitochondrial respiration. Submitochondrial particles, prepared by freezing and thawing the mitochondrial suspension, were used to determine mitochondrial enzyme activities. In addition, the mitochondrial suspension with propamidine posttreatment, namely isolated mitochondria were treated by 7.756 μg/ml propamidine in vitro, were also used to determine mitochondrial enzyme activities.
Measurement of the mitochondrial function
The mitochondrial respiration were determined polarographically using a Clark oxygen electrode at 25 o C (28). 0.1 ml mitochondria suspension containing 2.5 mg protein was added to 2.3 ml of buffer containing 0.6 M mannitol, 0.01 M imidazole, 0.1% bovine serum albumin, pH 6.2. Oxygen consumption was measured in the absence (giving the state 4 activity) and presence (giving the state 3 activity) of 0.25 mM ADP. The respiratory control ratio (RCR) was expressed as the ratio of state 3 to state 4 respiration, while the ADP/O ratio was expressed as the ratio of ADP added to that of oxygen atoms consumed during state 3 respiration.
Spectrophotometric assay of mitochondrial complexes activities
To detect the activity of mitochondrial complexes, three kinds submitochondrial particales were used NADH-Q reductase (NQR, complex I) activity was measured as previously described (29, 30) . 5 μg of submitochondrial particles were added to 1 ml of buffer containing 35 mM K2HPO4, 5 mM MgCl2, 2 mM NaN3, 2 μg/ml antimycin A, 60 μM CoQ10, pH 7. . Succinate-Q reductase (SQR, complex II) activity was measured as previously described (31). 5 μg of submitochondrial particles were added to 1 ml of buffer containing 35 mM K2HPO4, 5 mM MgCl2, 2 mM NaN3, 88 μM 2,6-dichlorophenolindophenol (DCPIP), 2 μg/ml rotenone, 60 μM CoQ10, 2 μg/ml antimycin A, pH 7.2. After incubation at 25 o C for 10 min, the reaction was started by the addition of 25 mM sodium succinate. The decrease in absorbance at 600 nm was recorded at 25 o C for 5-8 min. The extinction coefficient of DCPIP is 21 mM
Cytochrome reductase (CR, complex III) activity was measured as previously described (32). 5 μg of submitochondrial particles were added to 1 ml of buffer containing 35 mM K2HPO4, 5 mM MgCl2, 2 mM NaN3, 0.5 mM EDTA, 35.7 μM ferricytochrome c, pH 7. . ATPase (complex V) activity was determined by measuring the release of inorganic phosphate (34) . The reaction was initiated by addition of 250 μg of submitochondrial particles to 0.25 ml of buffer containing 1 mM ATP, 100 mM NaCl, 10 mM KCl, 3 mM MgCl2, pH 7.4. After incubation at 37 o C for 5 min, the reaction was stopped by addition of 2 ml of 0.1 M ice-cold HCl. A portion (0.2 ml) of the reaction mixture or standards corresponding to 0, 0.02, 0.04, 0.06, 0.08 and 0.1 mM KH2PO4 were added to 0.8 ml of 5 mM H2SO4, 160 μl 2.5% ammonium molybdate, 40 μl 1% atannous chloride. The absorbance at 680nm was recorded after incubation at 25 o C for 15 min.
Statistical analysis
Data are expressed as means ± S.E. and were subjected to Anova analysis followed by a Duncan's multiple range test. P value < 0.05 was considered a significant difference.
